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SUMMARY 
This paper summarises the findings of an international collaborative program that focuses on the 
problem of the growth of cracks that arise from natural corrosion in bridge steels. The 
experimental data presented in this paper confirms that the bridge steel da/dN versus ΔK 
relationship is similar to that seen by the high strength aerospace steels D6ac and 4340. It is then 
shown that the methodology developed to predict the growth of small naturally occurring cracks in 
aerospace materials can also be used to compute the growth of cracks that arise due to natural 
corrosion in bridge steels. 
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NOMENCLATURE 
 
a crack length 
A a constant in the Hartman-Schijve variant of the NASGRO crack-growth 
equation 
da/dN  rate of crack growth per cycle 
D  a constant in the Hartman-Schijve crack-growth equation 
K  stress-intensity factor 
Kmax   maximum value of the applied stress-intensity factor in the fatigue cycle 
Kmin   minimum value of the applied stress-intensity factor in the fatigue cycle  
∆K  range of the applied stress-intensity factor in the fatigue cycle, as defined 
below 
∆𝐾                    = 𝐾𝑚𝑎𝑥 − 𝐾𝑚𝑖𝑛 
∆𝐾𝑡ℎ  the fatigue threshold value of the applied stress-intensity factor, as defined in 
ASTM E647-13a 
∆𝐾𝑡ℎ𝑟  the apparent fatigue threshold value of the applied stress-intensity factorused 
in the Hartman-Schijve crack-growth equation 
m  exponent in the Hartman-Schijve crack-growth equation 
N number of fatigue cycles 
R stress ratio (= σmin/σmax) 
R2 the linear correlation coefficient 
ACR  Adjusted compliance ratio 
  
 
 
1. INTRODUCTION 
 
The 2013 report [1] into safety of US bridges found that one in nine were rated  as being 
“structurally deficient” and that this was largely due to the cumulative effect of corrosion. In 
this context the US Federal Highway Administration Steel Bridge Design Handbook [2] 
states: 
a) “..there is little or no time during the life of the structure that is taken up with "initiating" 
cracks.” 
 
b) “As much as 80% of the fatigue life has been consumed by the time a fatigue crack 
emanating from an internal flaw reaches the surface and can be observed.” 
 
Thus in this study attention is focused on the use of fracture mechanics1 and fatigue crack 
growth2 approaches to compute the growth of cracks from natural corrosion in a bridge steel  In 
this context it should be noted that it is now well known [8-10] that the effect of corrosion on 
structural integrity is exacerbated by the topography of the surface corrosion which results in 
localised stress concentrators which in turn accelerate both the initiation and the growth of 
cracks. 
The conclusions, i.e. points a) and b) above, mirror those associated with crack growth in 
operational aircraft where it has long been known [7, 11-15] that the operational life of aircraft is 
governed by the growth of lead cracks, i.e. the fastest cracks in the structure. Lead cracks in 
aircraft exhibit the following features, viz: 
i. They start to grow shortly after the aircraft is introduced into service. 
ii. The majority of the life is consumed growing to a size that can be detected using existing 
non destructive inspection techniques. 
 
As previously mentioned this behaviour mirrors the findings reported in [2]. 
 
The similarity between cracking in bridges and aircraft is further reinforced by the findings 
reported in [16] which presented pictures of the cracking in a bridge section [17] together with 
pictures of cracking in the D6ac steel wing pivot fitting in the 1969 General Dynamics, now 
Lockheed, F-111 wing fatigue test3, see Figures 1 and 2 respectively. These figures show how 
in each case cracking grew from small sub mm material discontinuities. 
 
This observation led [16] to establish that the da/dN versus ΔK relationship proposed by the 
Japan Society of Steel Construction (JSSC) [18] and by Barsom and Rolfe [6] for bridge 
steels essentially coincided with that of the high strength aerospace steel D6ac given in [20]. 
In this paper we build on this observation by comparing the da/dN versus ΔK  data associated 
with a range of the growth of cracks associated with a range of bridge steels with the 
                                                 
1 References [2-6] provide excellent summaries of the state of the art in the use of fracture 
mechanics based tools fatigue assessment of bridges and bridge steels. 
2 A review of recent advances in fatigue assessment is given in [7]. 
3The in-flight failure of a USAF F-111 led to the development of the damage tolerance design 
philosophy [27]. 
  
equations given in [6] and [19] as well as with the corresponding data given in [20] for the 
high strength aerospace steel 4340.  We then show that the bridge steel da/dN versus ΔK 
relationship can be described by the Hartman-Schijve variant [7] of the Nasgro equation [21].   
 
Since, as discussed above, the growth of cracks in aging bridges is often associated with 
small sub mm cracks and since the fatigue standard ASTM E647-13a [22] suggests that the 
da/dN versus ΔK relationship associated with the growth of such small cracks can be 
approximately determined from tests on long cracks and correcting for closure effects we 
then shown how the short crack da/dN versus ΔK curve obtained for 4340 steel [23] is also 
captured as outlined in [7] by setting the threshold term in the Nasgro representation (for 
bridge steels) to a small value.  To build on this observation we next show how the da/dN 
versus ΔK curve obtained for the growth of small sub mm cracks in a 350 MPa grade mild 
steel follows the same Nasgro representation albeit with the threshold term set to a slightly 
smaller value.  
 
These results suggest that the initiation and growth of cracks from natural corrosion in a 
bridge steel should also conform to the Nasgro equation4 with the constants determined in the 
previous long crack studies the threshold term set to a small value. This hypothesis is 
subsequently confirmed experimentally. As such the present paper suggests that not only is 
the da/dN versus ΔK curve for bridge steels similar to that seen for the high strength 
aerospace steels D6ac and 4340 but the methodology developed to assess the growth of small 
sub mm cracks in aerospace materials [7, 24-26] is also applicable to cracks that initiate and 
grow from natural corrosion in a bridge steel. 
 
 
2. CRACK GROWTH IN BRIDGE STEELS 
 
The United States Air Force has concluded that the most appropriate way to address the 
problem of aging structures is via the discipline of fracture mechanics [27, 28]. This approach 
has also been widely used to assess fatigue cracking in bridge steels [3, 6, 4]. In this context 
[16] has established that the da/dN versus ΔK relationship proposed by the Japan Society of 
Steel Construction (JSSC) [18] and by Barsom and Rolfe [6] for bridge steels essentially 
coincided with that of the high strength aerospace steel D6ac given in [20]. 
 
To further examine this conclusion, i.e. that fatigue crack growth in bridge steels is 
essentially independent of the type of steel and that the associated da/dN versus ΔK 
relationship is similar to that seen in high strength aerospace steels, we considered crack 
growth in five different bridge steels which were tested at a range of R ratio’s, viz: 
 
i) A36, where the crack growth data was taken from [6, 29], which is common in older 
bridges. 
 
ii) HPS 485W a high performance bridge steel used in North American bridges [19]. 
 
                                                 
4 Here it should be noted that with the exception of the crack growth analysis presented in [9], 
which used a fractal based crack growth equation, most approaches to this class of problems 
are based upon the use of S/N curves [8] to determine the life to crack initiation. A feature of 
the present study is that it suggests that commercially available crack growth computer 
programs can be used to determine the total life of corroded components. 
  
iii) HPS 350WT a high performance bridge steel with an improved low temperature 
performance [30]. 
 
iv) A588-80A [30], a weathering steel that is widely used in bridges.  This steel has 
little R ratio dependency, see [31]. 
 
v) The Chinese bridge steel 14MnNbq [32]. 
 
The da/dN versus ∆K curves for these five bridge steels are shown in Figure 3, along with the 
da/dN versus ∆K relationship suggested by the Japan Society of Steel Construction (JSSC) 
[18], viz: 
 
      da/dN = 1.5 x 10-11 (K)2.75     (1) 
 
Figure 3 also presents the da/dN versus ∆K relationship suggested in [6], viz: 
 
      da/dN = 6.86 x 10-12 (K)3     (2) 
 
and the da/dN versus ∆K relationship suggested by Fisher et al in [19] 
 
      da/dN = 1.0 x 10-11 (K)3     (3) 
 
to describe an upper bound on crack growth in bridge steels. 
 
Here we see that, allowing for experimental error, the crack growth behaviour of these 
various steels is indeed very similar and, as such, extends the conclusion reached by the US 
Federal Highway Administration [17], which was based on examining the S-N curves for a 
(different) range of bridge steels to cover crack growth in bridge steels. Figure 3 also reveals 
that the ASTM E647-13a long crack da/dN versus ΔK curve can be approximated by the 
curve BCD, which represents an average of the various da/dN versus ΔK curves. The values 
of da/dN and ΔK that define the curve BCD are given in Table 1.  
  
  
 
Another outcome of this study is that, as per the crack growth behaviour of D6ac steel [33], 
allowing for experimental error the bridge steels experimental da/dN versus ∆K curves 
appears to show little, if any R, ratio effect. This conclusion is also implicit in the Japan 
Society of Steel Construction (JSSC) [18], the Barsom and Rolfe [6] and the Fisher et al in 
[19] recommended da/dN versus ∆K relationships, i.e. equations (1)-(3), since these 
equations have no R ratio dependency. The absence of a significant R ratio effect for these 
long crack tests means that long cracks in bridge steels will exhibit little, if any, plastic wake 
induced crack (tip) closure [7, 33, 34].  
 
To continue this study Figure 4 presents a comparison of the bridge steel curve BCD with the 
NASA experimental da/dN versus ∆K curves for 4340 steel [20] which as can be seen in 
Figure 4 are essentially R ratio independent. Noting that, as shown in [7], the growth of both 
long and short cracks in D6ac could be expressed as per the Hartman-Schijve variant of the 
Nasgro  equation, viz: 
 
da/dN = D [(ΔK – ΔKthr)/√(1-Kmax/A)]m   (4) 
 
with D = 2.0 x 10-10 and m = 2 and that the crack growth behaviours of D6ac and 4340 steels 
are similar Figure 4 also illustrates how the growth of cracks in 4340 steel can be captured 
using equation (4) with the values D = 2.0 x 10-10 and m = 2 together with the value of A 
given in [35] for 4340 steel, i.e. A = 160 MPa √m, and a threshold value of ∆K curves= 6.5 
MPa √m.  As a result we see that not only is the da/dN versus ∆K curve for bridge steels 
similar to that seen by  D6ac steel [16] it is also similar to the da/dN versus ∆K curve 
associated with the high strength aerospace steel 4340. As such it suggests that crack growth 
in bridge steels should be able to be captured by the Hartman-Schijve variant of the Nasgro 
equation, i.e. equation (4), albeit with slightly different constants. 
 
 
3. THE NASGRO REPRESENTATION OF CRACK GROWTH IN BRIDGE 
STEELS 
 
Given the da/dN versus ΔK data shown in Figure 3 the associated NASGRO equation5 for 
bridge steels can now be determined. This can be done as outlined in [7, 35] by plotting da/dN 
versus the term ((ΔK – ΔKthr)/√(1-Kmax/A)), see Figure 5. From Figure 5 it can be seen that 
crack growth in each of these different steels can be expressed as per the NASGRO equation6: 
 
da/dN = 1.5 x 10-10 ((ΔK – ΔKthr)/√(1-Kmax/A))2   (5) 
 
where Kthr is a threshold term and A is the cyclic fracture toughness, see [7, 25] for a more 
detailed explanation of this form of the NASGRO equation. The values of ΔKthr and A 
associated with these steels are given in Table 2 and an explanation of how these values were 
obtained is given in the Appendix. Here it should be noted that, as expected since crack 
growth in bridge steels is similar to that in D6ac and 4340 steels, the constant of 
proportionality in equation (5), i.e. D = 1.5 x 10-10, is similar to the value of D for these two 
high strength aerospace steel (i.e. D  = 2.0 x 10-10). 
                                                 
5 The NASGRO crack growth equation is available in most commercially available crack 
growth computer programs. 
6 The NASGRO equation is discussed in more detail in [7, 21]. 
  
 
 
 
4. NASGRO REPRESENTATION OF SHORT CRACK GROWTH IN 4340 STEEL 
 
The fatigue test standard ASTM E647-13a [22] explains that the fatigue threshold associated 
with cracks that initiate and grow from small naturally occurring material discontinuities is 
generally small, i.e. much smaller than the corresponding large crack threshold. Furthermore, 
for small cracks in operational structure the very existence of a fatigue threshold is questioned 
in [22]. Hence, as first shown in [36] and discussed in more detail in [7, 24-26, 37], the 
behaviour of cracks that arise and grow naturally7 can often be approximated by a Paris like 
crack growth equation. For mild steels this observation was first shown in [38] for BS4360-
43A. In this study it was shown that the growth of short (approximately 0.2 mm initial cracks) 
could be described by the Hartman Schijve equation: 
 
da/dN = 1.14 x 10-10 ((ΔK – ΔKthr)1.95   (6) 
 
Comparing equation (6) with equation (5) we see that the two equations are very similar. 
Subsequent studies have built on this finding, i.e. on [38], to the extent that  it is now known 
that the growth of cracks from small naturally occurring material discontinuities can be 
approximated by the Hartman-Schijve variant of the Nasgro  equation long crack, i.e. 
equation (4), with the constants D and A obtained from tests on long cracks using a reduced 
value of the threshold term ΔKthr [7, 24-26, 39]. Indeed, as explained in [7, 24, 25] for a given 
size crack the scatter in the da/dN versus ΔK curves can often be captured by allowing for 
small changes in the term ΔKthr. To illustrate this [7] considered the paper by Virkler, 
Hillberry and Goel [40] which is recognised as being one of the definitive studies that 
illustrates the variability in crack growth rates. The paper Virkler, Hillberry and Goel 
presented the results of sixty eight R = 0.2 tests on 2024-T3 panels where the initial crack 
length was 9 mm. In Jones [7] it was shown that this variability is captured reasonably well 
by merely allowing for small changes in Kthr, i.e. using vales of 2.9, 3.2, 3.4, 3.6, 3.8, 4 and 
4.2. Whilst the variability in crack growth is greater for small cracks than for long cracks it 
has also been shown [7, 24-26] that the associated variability is also captured by allowing for 
small changes in Kthr. Thus as explained in [7, 24-26] for a given crack size the threshold 
term is not unique and that there is a family of da/dN versus ΔK curves. 
 
In this context it is now also thought [7, 22, 41, 42] that the da/dN versus ΔK relationship 
associated with short cracks can often be approximated by the “closure corrected” long crack 
curve. Consequently noting the similarity in the da/dN versus ΔK  curves associated with 
cracking in bridge steels and cracking in 4340 and that, as will be shown later, crack growth 
in corroded bridge steels is often associated with small sub mm initial cracks Figure 6 also 
presents the “closure free” curve for 4340 steel measured in [23] using a variant8 of the 
ASTM E647-13a compliance offset method which is outlined in Appendix X2 of ASTM 
E647-13a. In Figure 6 this “short crack” curve is labelled the R = 0.4 OP1 curve. 
Furthermore, noting that, as suggested in [24], the short crack da/dN versus ΔK curve can 
often be represented as per equation (4) by using a lower value of the threshold term ΔKthr 
than that associated with the corresponding long crack curve Figure 6 also presents the 
                                                 
7 From small naturally occurring material discontinuities. 
8 Whereas Appendix X2 recommends a 2% offset [23] used a 1% offset and as such the data 
presented in can be expected to slightly underestimate crack growth.  
  
computed “closure free” da/dN versus ΔK curve obtained using equation (5) with a threshold 
term ΔKthr of 4 MPa √m. As such Figure 6 supports the conclusion, stated in [24] that, 
allowing for experimental error, if a reduced threshold term is used then the resultant 
computed and the OP1 estimated “short crack” curves are in good agreement. 
 
5. NASGRO REPRESENTATION OF SHORT CRACK GROWTH IN A MILD 
STEEL 
 
Having seen that the Nasgro equation can be used to represent the growth of both long and 
short cracks in 4340, that despite the differences in yield stress and hardness the growth of 
cracks in bridge steels and high strength aerospace steels is similar and that the Hartman-
Schijve equation was able to capture the growth of short cracks in BS4360-43A steel let us 
next address its ability to capture the growth of small cracks in a 350 grade mild steel. To this 
end consider the crack growth data presented in [43] for a 350 grade mild steel specimens cut 
from a freight wagon. In these tests the crack was allowed to arise naturally from a 1 mm 
radius semicircular edge notch. The specimens were tested at a range of R ratio’s. The initial 
crack lengths varied from approximately 0.1 mm to 1 mm. The test envelope is shown in Table 
3 and the associated da/dN versus ∆K curves are given in Figure 7 which also contains the 
da/dN versus ΔK relationship corresponding to equation (4) with the values D = 2.0 x 10-10 and 
m = 2, A = 140 MPa √m and ΔKthr = 0.1 MPa √m: 
 
da/dN = 2 x 10-10 ((ΔK – ΔKthr)/√(1-Kmax/140))2   (7) 
 
This value of ΔKthr is similar to that seen for small lead cracks in 7050-T7451 and 7075-T6 
[24]. Indeed, Figure 7 reveals that equation (7) is a reasonably good approximation to the 
growth of small cracks in this steel. 
 
Figure 7 also reveals that, allowing for experimental error, the growth of these small cracks in 
this steel is similar to the growth of small cracks in aerospace materials in that the associated  
da/dN versus ΔK curves exhibit little R ratio dependency and have a near Paris like shape with 
a low fatigue threshold.  
 
 
6. TESTING AND ANALYSIS OF CORRODED BRIDGE STEELS 
 
The previous sections have established that the bridge steels da/dN versus ΔK curves are 
similar to those of the two high strength aerospace steels D6ac and 4340; that the Hartman-
Schijve equation is a reasonably good representation for the growth of long cracks in bridge 
steels; that as explained in [7] the growth of small cracks in 43340 and a 350 MPa grade mild 
steel can be approximated by the Hartman-Schijve variant of the Nasgro  equation long crack, 
i.e. equation (4), with the constants D and A obtained from tests on long cracks using a 
reduced value of the threshold term ΔKthr. 
 
The question thus arises: Can this approach, i.e. use of the Hartman-Schijve variant of the 
Nasgro equation long crack with the constants D and A obtained from tests on long cracks 
using a reduced value of the threshold term ΔKth, be used to compute the growth of cracks 
that arise and grow in bridge steels as a result of naturally corrosion? 
 
  
To answer this question we cut a specimen from a badly corroded steel bridge section that 
was taken from sections of a condemned bridge provided by V/Line, see Figure 8. This 
specimen was fatigued under a repeated marker load block spectrum with a peak stress of 300 
MPa. Each load block consisted of 1000 cycles at R = 0.1 and 7000 cycles at R = 0.5. The 
marker block loading was designed to allow the crack growth history to be obtained via 
quantitative fractography.  
 
To assist in loading the specimen the corrosion in the area to be gripped was removed. This 
meant that there was a small (approximately) 1 mm increase9 in section thickness 
immediately outside of the grips, see Figures 8 and 9. This was expected to introduce a small 
bending stress in the working section. As a result it was necessary to determine the stress 
distribution and the stress intensity factor solutions using finite element analysis10. Symmetry 
considerations meant that only ½ of the specimen needed to be modelled, see Figure 9. 
As explained in [8-10] the topography of the corroded surface can play a significant role in 
both crack initiation and growth. (Pictures of the corroded surface are presented in Figures 10 
and 11.) Thus after testing the corrosion products were removed using a steel brush and the 
surface profile was measured. This profile was then used in the finite element model. In this 
analysis the corrosion products were not modelled. The resultant stress distribution, for a load 
of 204 kN, is shown in Figure 12. 
The next stage of this study was to use the stress field determined from the finite element 
model shown in Figure 12 to compute crack growth seen in this test and to compare the 
predictions with the experimental measurements. This crack growth analysis used the Nasgro 
representation of the da/dN versus ∆K curve for bridge steels given in equation (5).  As in [7, 
24-25] to capture the scatter in the crack growth histories associated with the various cracks 
small changes in the threshold term ∆Kthr were allowed. The thresholds used in these analyses 
are given in Table 4.   
 
The experimental test produced a number of cracks, see Figure 13 where we see three 
dominant cracks. The sizes of the initiating features associated with these cracks were 
determined from SEM, see Figure 14, and estimates are given in Table 4. These sizes were 
used as the initial crack sizes in the fatigue analyses. The resultant computed, using equation 
(5) with the threshold11 terms as given in Table 4, and measured crack growth histories are 
shown in Figure 15 where we see excellent agreement. Here it should be noted that there is a 
discontinuity in the slope of the crack depth versus load blocks curve when the crack 
transitions to a through-the-thickness crack. It should also be noted that in this analysis the 
threshold values varied from approximately 0.5 to 1.9 MPa √m. This variation is consistent 
with that reported in [24] for the growth of cracks from etch pits. 
 
 
 
                                                 
9 This does not include the height of the corroded material. 
10 The stress intensity factors were determined, as recommended in [7], using the stress field 
in conjunction with three dimensional weight function theory.  
11 These thresholds were determined by matching the initial slopes of the crack depth versus 
load block curve. 
  
7. CONCLUSION 
 
This paper has outlined a building block approach that illustrates the ability to estimate the 
effect of natural corrosion on the structural integrity of aging steel bridges. To this end it is 
first shown that the bridge steel da/dN versus ΔK relationship is similar to that seen by the 
high strength aerospace steels D6ac and 4340. The Hartman-Schijve representation of the 
growth of long cracks in bridge steels is then determined. It is then shown that the 
methodology developed to predict the growth of small naturally occurring cracks in aerospace 
materials, i.e. by using the Hartman-Schijve variant of the Nasgro equation with the constants 
D and A obtained from tests on long cracks together with a reduced value of the threshold 
term ΔKthr, can also be used to compute the growth of cracks that arise due to natural 
corrosion in a bridge steel. 
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APPENDIX 
 
This section briefly describes how the constants in the Harman-Schijve variant of the Nasgro 
equation, i.e. equation (4), can be determined from the measured da/dN versus ∆K data. To 
this end, for a given R ratio, da/dN is plotted (in Excel) against [
∆K− ∆Kthr
√{1− Kmax/A}
] using log-log 
scales. Here the value of A is initially chosen to be a typical value for the given material and 
thickness. In the near threshold region the effect of any errors in the assumed value of A in 
the term Kmax/A in the denominator will be small. As such the value of ∆Kthr is now chosen 
such that plot of the da/dN versus [
∆K− ∆Kthr
√{1− Kmax/A}
] data in the near threshold region, i.e. the low 
da/dN region, appears as a (near) straight line. The value of A is then fine tuned to improve 
linearity of the plot in the high  ∆K region. This process is repeated for each of the R ratio 
data sets with the A value used being kept the same for each R ratio. This process will 
generally result in da/dN versus [
∆K− ∆Kthr
√{1− Kmax/A}
] plots that differ slightly in the high ∆K region. 
The value of A is then adjusted slightly, keeping the (adjusted) A the same for each R ratio, 
to minimise this difference, i.e. to better collapse the curves in the high ∆K region. This 
process will sometimes result in the various da/dN versus [
∆K− ∆Kthr
√{1− Kmax/A}
]  curves associated 
with different R ratio’s slightly diverging in the near threshold region. This is overcome by 
slightly tweaking the values of ∆Kthr until, allowing for experimental error, the various curve 
now essentially coincide. At this stage the values of  ∆Kthr, for each R ratio, and the value of 
A have been obtained. 
 
The values of D and m are then obtained directly from the Excel fit to the data. 
 
 
 
  
 
 
 
 
Figure 1 A typical bridge steel crack, from [17]. 
 
 
Figure 2 Cracking in the D6ac wing pivot fitting, from [27]. 
 
  
 
Figure 3 Representation of the growth of long cracks in a range of bridge steels and comparison 
with representations given in the literature. 
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Figure 4 Comparison of the bridge steel curve BCD with the 4340 steel crack growth data taken 
from [20]. 
 
 
 
Figure 5 The NASGRO representation of crack growth in these bridge steels 
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Figure 6 Measured and computed “closure free” curves for 4340 steel 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
Figure 7 Crack growth da/dN versus ∆K curves associated with the small crack tests. 
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Figure 8 Corroded specimen prior to testing 
 
 
 
 
 
Figure 9 Half specimen is modelled. 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
Figure 10 View of the crossection 
 
 
 
Figure 11 View of the crossection associated with the opposing part 
  
 
 
 
 
Figure 12 Effect of surface roughness  
 
 
 
 
 
Figure 13 The three dominant cracks seen after failure of the specimen 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
Figure 14 SEM of the initiating defect associated with crack 1. 
 
 
 
Figure 15 Comparison of measured and computed crack growth histories 
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Table 1 Values of K (MPa √m) and da/dN associated with the curve BCD 
K (MPa √m) da/dN (m/cycle) 
5 1.56E-10 
7 1.43E-09 
8 2.56E-09 
9 4.04E-09 
10 5.87E-09 
11 8.05E-09 
13 1.35E-08 
15 2.06E-08 
20 4.56E-08 
25 8.25E-08 
30 1.33E-07 
35 2.00E-07 
40 2.85E-07 
45 3.92 E-07 
50 5.26 E-07 
55 6.92 E-07 
60 8.98 E-07 
65 1.15 E-06 
70 1.47 E-06 
75 1.87E-06 
80 2.37 E-06 
85 3.02 E-06 
90 3.88 E-06 
95 5.05E-06 
100 6.70E-06 
105 9.18E-06 
 
 
Table 2. Data and threshold values for the various tests 
Materials  R ratio Kthr (MPa √m) A
  (MPa √m) 
A36  R ≈ 0.1 5.5 100 
A36  R = 0.55 5 100 
A36  R = 0.8 3 100 
HPS 485 W  R = 0.0 5.5 120 
HPS 485 W  R = 0.8 3.8 120 
HPS 350 WT  R = 0.0 4.5 80 
HPS 350 WT R = 0.8 3 80 
14MnNbq  R = 0.05 5.5 100 
A588-80A  R = 0.7 3.2 90 
A533 Grade B  R = 0.7 7.5 140 
A533 Grade B, Class 1 weldment  R = 0.1 11 140 
  
 
Table 3: Test envelope, from [40] 
 Specimen 
Number 
D 
Width Thickness Notch Area R σmax σmin Δσ σmean 
(mm) (mm) (mm) (mm2)   (MPa) (MPa) (MPa) (MPa) 
L1 50.12 5.16 1.00 253.46 0.14 330.00 46.20 283.80 188.10 
L2 50.15 5.41 1.00 265.90 0.50 330.00 165.00 165.00 247.50 
L3 50.04 5.32 1.00 260.89 0.50 330.00 165.00 165.00 247.50 
L4 49.94 5.38 1.00 263.30 -1.0 240.00 240.00 240.00 0.00 
L5 50.00 5.64 1.00 276.36 0.14 330.00 46.20 283.80 188.10 
L6 49.95 5.61 1.00 274.61 0.50 330.00 165.00 165.00 247.50 
L7 49.95 5.64 1.00 276.08 0.14 330.00 46.20 283.80 188.10 
L8 49.98 5.66 1.00 277.23 0.14 330.00 46.20 283.80 188.10 
L9 50.11 5.65 1.00 277.47 0.50 330.00 165.00 165.00 247.50 
S11 50.13 5.39 1.00 264.81 0.50 330.00 165.00 165.00 247.50 
S12 50.11 5.64 1.00 276.98 0.14 330.00 46.20 283.80 188.10 
S13 50.05 5.34 1.00 261.93 0.50 330.00 165.00 165.00 247.50 
 
 
Table 4 Initial crack sizes 
 Crack depth a mm Half crack surface length c mm ∆Kthr  MPa √m 
Crack 1 0.143 0.268 0.5 
Crack 2 0.28 0.48 1.9 
Crack 3 0.2 0.313 0.1 
 
 
 
 
 
